We disclose a supramolecular material which combines semiconducting and dipolar functionalities. The material consists of a discotic semiconducting carbonyl-bridged triarylamine core which is surrounded by three dipolar amide groups. In thin films, the material self-organizes in a hexagonal columnar fashion through π-stacking of the molecular core and hydrogen bonding between the amide groups. Alignment by an electrical field in a simple metal/semiconductor/metal geometry induces a polar order in the interface layers near the metal contacts that can be reversibly switched, while the bulk material remains non-polarized.
INTRODUCTION
Many years of research have been used to search for the elusive immortal organic memory.
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It is desired because of its re-writability, non-volatility, non-destructive electrical readout and scalability. The latter requires compatibility with a crossbar array to yield the highest information density with the simplest possible design. 3 As a consequence the memory element must be rectifying and have a switchable conductivity. To this date, the most viable candidate system that fulfills these criteria is the so-called MemOLED, introduced by Asadi et al. 4, 5 Key to its design is that the bistable memory functionality is introduced by an organic ferroelectric polymer, poly[(vinylidenefluoride-co-trifluoroethylene] (P[VDF-TrFE]), while the conductive readout and rectification functionalities are introduced by an organic semiconductor polymer.
Blending the two polymers leads, under proper processing conditions, 6 to a phase separated blend consisting of semiconductor domains embedded in a ferroelectric matrix. 7 When sandwiched as an active layer between suitably chosen metal electrodes, the polarization charge on the ferroelectric material modulates the barrier for charge injection into the semiconductor, leading to a rectifying and switchable device conductivity. 8, 9 Many advantages of this strategy, including compatibility with the crossbar architecture, 10, 11 are giving important new avenues to the actual implementation into active organic/polymeric devices. Following these important steps using phase-separated blends, some intriguing challenges remain. Is it possible to create a larger device area for the modulation of the injection barrier, as it is now limited to the narrow rim at the perimeter of the semiconducting domain. [12 The fact that the switching is not a bulk effect also constrains the minimum feature size to the typical micrometer length scale of the spontaneous 12 or lithographically-controlled [13] [14] [15] phase separation. Finally, the polarization of the ferroelectric in the critical region around the semiconducting domains requires a higher stability to not fundamentally limit data retention. 16 Hence, it could be argued that there is a clear need for a single material in which the dipolar and semiconducting properties are combined to yield a similar operational mechanism, while avoiding the difficulties associated with using a phase separated blend.
Here, we demonstrate an organic memory diode with a bistable, rectifying conductivity with an on/off ratio of two orders of magnitude. The heart of the device is a single molecular compound, consisting of a π-conjugated semiconducting core surrounded by three dipolar amide groups. In thin films, the material organizes into a hexagonal columnar packing, facilitating both effective charge transport and collective dipolar behavior. Although the bulk of the material is found to remain unpoled, dipolar switching in the interfacial areas leads to an effective modulation of the charge injection barrier and thereby to conductivity switching.
RESULTS AND DISCUSSION

a -molecular design and optical characterization of thin films
The investigated molecule, a-CBT, is shown in Fig 1(a) and consists of a planar carbonylbridged triarylamine core with three amide groups attached in 2, 6, and 10 positions. Attached to this CBT trisamide are three 3,4,5-tri(octyloxy)benzenes to enhance solubility and facilitate processing. The synthesis of the molecule is described in the supporting information where also its full name is given. The synthesis follows a general preparation methodology, which is reported elsewhere.
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For the current application, the π-conjugated semiconducting core enables charge transport 18 whereas the peripheral amide groups provide bi-stable dipolar switching. 19 The latter effect can result from a collective re-orientation of head-to-tail stacked micro-dipoles. 20 Both efficient charge transport and dipolar switching require significant long-range order, which is promoted by the π-stacking of the planar, aromatic carbonyl-bridged triarylamine core and three-fold symmetric hydrogen bonding of the adjacent amide groups. Previous research has shown that this combination of supramolecular motifs leads to the formation of strongly coupling Haggregated CBT units along the columnar stacks. From the reduction peak at -1.6 V in the CV measurements vs ferrocene shown in Fig. 3(a) the LUMO of a-CBT could be estimated to be at -3.2 eV. Hence, in order to arrive at an estimate for the a-CBT HOMO energy, we subtract the optical gap determined from the absorption measurements ∼2.5 eV (Fig. 1 b) from the LUMO energy yielding an estimated HOMO energy of -5.7 eV. Due to the exciton binding energy this resembles a lower limit for the HOMO value.
In Fig. 3 (b) the single particle energy levels for a-CBT are shown, together with the approximate work functions of the metal electrodes used in this study. In absence of net interfacial dipoles, hole injection from both Al electrodes, with a barrier height of ∼1.5 eV, and
Au electrodes, with a barrier height of ∼0.7 eV, will be significantly hampered. At the same time, the barrier for hole injection from Au is well within the range that can be overcome by ferroelectric-like interfacial dipoles. 8, 9 As explained above, this effect results from the collective behavior of the peripheral amide groups that have previously been shown to enable ferroelectric behavior. 19, 20 In all cases, electron injection and subsequent transport through the material bulk will be hampered by the combination of a large injection barrier and a shallow LUMO level with the associated electron trapping.
d -dipolar switching
The ability of a-CBT to show dipolar switching was tested in simple metal/semiconductor/metal diode devices. In order to observe macroscopic switching behavior in columnar materials, it is necessary that the macro-dipoles, which are parallel to the column axis, 19, 20 are aligned in the direction of the applied electric field, i.e. perpendicular to the electrode's surface. Unfortunately, the columns prefer to align in the plane of the device after deposition, parallel to the electrode's surface, as shown by atomic force microscopy in Fig. S3 of the SI. Hence, all devices were conditioned by a slowly alternating electric field applied at elevated temperatures. Electrical polarization was probed by the double wave method (DWM), which to a large degree allows for the compensation for spurious effects like displacement and leakage currents. For details regarding the device fabrication and testing we refer to the experimental section and the SI section 4, Figs. S4-1 and S4-2. Note, however, that the low sweep speeds used in the DWM to suppress displacement currents do not at all reflect the maximum dipolar switching speed of a-CBT; the latter is beyond the scope of the present work. Given the absence of phase transitions in DSC as discussed above, it is unlikely that the observed behavior reflects true bulk ferroelectricity. To further investigate this question, dielectric relaxation spectroscopy (DRS) was performed on micrometer thin films of spincoated a-CBT in a metal/semiconductor/metal configuration. Further details can be found in section 5 of the SI. While molecular rotations are visible in the dielectric spectrum at elevated temperatures (>100 °C), no indication of a bulk ferro-to-paraelectric phase transition was observed ( Fig. S6 and S7 ).
Despite the lack of bulk ferroelectric behavior, the observation of hysteretic polarization loops implies a bistable dipolar switching that is restricted to the two interfacial regions of the metal/a-CBT/metal devices.
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The polarity of the interfacial region can be investigated by measuring the local pyroelectric response with a technique called Laser Intensity Modulation Method (LIMM), which has been used to reveal polar depth profiles in numerous (ferroelectric) polymer films. By changing the frequency of modulation, the penetration depth of the thermal wave is tuned to reveal the polarization distribution. The use of this technique to spatially resolve the ferroelectric hysteresis with nanometer resolution in the ferroelectric copolymer P(VDF-TrFE) has previously been demonstrated.
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Variation of an external electric field at different sample temperatures (Fig. 5 ) reveals a high electric susceptibility at the metal/a-CBT interface, which is in line with the current hypothesis of interfacial dipolar switching. At 50°C, a small susceptibility is observed in the first 50 nm from the electrode interface, with no switching of polarization sign. Only at 150°C can the sign of polarization be reversed by an external electric field in the first 40 nanometer. The remaining bulk of the material seems to be incapable of a large paraelectric or ferroelectric response, further suggesting interfacial dipolar switching. However, it is worth noting that for the present purposes, where we aim to modulate a charge injection barrier through a switchable interfacial dipole, the absence of true bulk ferroelectricity is inconsequential, as only the first few nm near the injecting contact are important for charge injection. The effect of the interfacial dipole layer on the hole injection barrier (see Fig. 3 ) can easily be estimated as
where ε0εr is the dielectric constant of the active layer, and dtyp a typical thickness. From DRS, we find that the relative dielectric constant, εr, of a-CBT is εr ≈ 2. Using Pr ≈ 9 mC/m 2 and dtyp ≈ 1 nm, we then find that ∆V ≈ 0.5 eV. Under large (positive) forward bias, the interfacial dipole will be directed away from the injecting contact, i.e. with the negative polarization charge facing the contact. Hence, hole injection is facilitated. The original (lower limit for the) hole injection barrier of ∼0.7 eV in the case of a Au contact will be reduced to ∼0.2 eV, which is sufficiently low to enable Ohmic injection. 9 Using Al as injecting contact, a remaining injection barrier of ∼1.0 eV is expected, which will still give rise to injection (or leakage) limited transport.
e -electrical characterization (dash-dotted line in Fig. 6(b) ), it is most likely dominated by leakages associated with background doping, as discussed below. These Ohmic currents obscure the actual injection limited current that is typically highly nonlinear. 27 Therefore, the interfacial polarization state that affects only the injection-limited current but not the background has no visible effect on the device current.
This picture changes dramatically when an asymmetric Al/a-CBT/Au device is measured, see Fig. 6(b) . At negative applied field, when hole injection still occurs from the Al contact, again only the transient ⁄ feature is observed. At positive polarity, the Au contact becomes the hole injector. At the coercive field the current now jumps from the Ohmic background value to an on-state current that is two orders of magnitude higher. We carefully checked that this high-current on-state is not a transient phenomenon and that it can be probed multiple times without further changes, as shown in SI section 6. The current in the device is truly bistable. This result is perfectly in line with our prediction on basis of the energy level alignment, see Fig. 3(b) . Only by aligning the interfacial dipole moments created by the amide moieties with an (external) electric field can the injection barrier be overcome.
The current switching characteristic in Fig. 6(b) is qualitatively identical to what is observed for the MemOLED devices described in the introduction: upon passing the coercive field, the current jumps from a low, injection-or leakage-limited off-state to a high, space charge limited on-state. 4 At positive bias, the loop sense is therefore counterclockwise. Importantly, the device shows strong rectification, which is desirable for application in crossbar arrays as it suppresses crosstalk and keeps the switching current low. When (nominally) symmetric Au contacts are used, symmetric jE curves are obtained, exhibiting identical switching behavior at both polarities, see Fig. S8 of the SI. Unavoidably, this compromises rectification.
For the Al/a-CBT/Au device, the jE curves in the off-state can be described by a simple Ohmic conductivity,
as shown by the blue lines in Fig. 6(b) . In the on state, the current density is governed by space charge limited conductivity (SCLC) according to is the unintentional doping level, µ0 is the zero field mobility and γ is a phenomenological parameter quantifying the mobility enhancement by the applied electric field. 28 The lines in Fig. 6(b) are fits of Eq. (2) and (3) to the jE curve of the Al/a-CBT/Au device, with the mean applied field given by = ⁄ . The mobility parameters that were obtained by fitting the SCLC regime, µ0 = 3.7·10 -8 cm 2 /Vs, γ = 2.7·10 -3 (cm/V) 1/2 , are well in the range expected for organic semiconductors.
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Using the value for µ0 obtained from the SCLC fit (Eq.3), an estimate for the background charge carrier concentration n0 ≈ 2·10 13 cm -3 can be extracted from the linear fit (Eq. 2) to the background current. The presence of a non-negligible background concentration of charge is consistent with the observed nonzero crossings of the jE curves in Fig. 6 and the imperfect shape and closure of the PE curves in Fig. 4 . We attribute these phenomena to the presence of slowly moving species, most likely ions. At the same time, these ions can act as countercharge for mobile electrons or holes that give rise to the Ohmic contribution to the total device current.
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f -retention
Finally, we have investigated the retention behavior of our devices. Fig. 7 shows the normalized retention of the on-state current of a Au/a-CBT/Au device. The retention is measured by poling the diode by a large field (30 V/µm) and reading, at set points in time, the on-current jon at a field below the coercive field (Er = 10 V/µm). During the waiting time, the device is kept under short-circuit conditions. A mono-exponential decay (dashed line) with a retention time in the order of 5-10 minutes is observed. As the off-state current is time stable, we attribute the falling on-current to a loss in interfacial polarization. Retention times in the order of minutes have been observed previously for amide-based organic dipolar materials.
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We speculate that the elevated temperature that is needed to enable dipolar switching (130-135 °C) is also responsible for the limited retention. Unfortunately the retention of the interfacial polarization itself could not be reliably measured in these devices due to the presence of conductive currents that are a few orders of magnitude larger than the (transient) displacement currents associated with polarization reversal. Fig. 7 . Retention of the on-current jon in a Au/a-CBT/Au device measured at T = 130-135 °C.
The current jon(t) was normalized to its value at time t = 0, jon,0. joff is the current density at t → ∞, i.e. of the depolarized device. Symbols indicate the experiment, the dashed line is a fit to an exponential decay which is typical for relaxation of polar order in molecular materials. At the end of fabrication process, top contacts from aluminum (100 nm) or gold (50 nm) were evaporated through a 90°-rotated shadow mask as described above, giving rise to a cross-bar diode at the intersection of the contacts with a device area between 0.25 and 0.5 mm 2 . Typical film thicknesses were 0.9-1.2 µm, as determined by a Dektak XT profilometer.
Before switching measurements the functional material was conditioned with an electric field in order to align the (interface) dipoles. The electrical alignment consisted of ∼30 minutes application of a 0.5 Hz triangular wave with an amplitude close to coercive field. The positive and negative parts of the triangular wave had equal amplitude but durations that differed by a factor 2. Conditioning was done at an elevated temperature of ∼135 °C.
Devices were electrically characterized in the dark using a Janis probe station. Switching signal waveforms were applied by an Agilent 33120a arbitrary waveform generator and amplified by a TReK Model PZD350A high voltage amplifier. The actual circuit current was measured by a Keithley 6485 picoammeter which was visualized and saved via an Agilent DSO7104A oscilloscope. Polarization-field (P-E) hysteresis loops were obtained by integration of the pure switching-current which was obtained as the difference between the full and background responses under quasi-static conditions. This double-wave method (DWM) is described in detail in Refs. 33, 34 For measuring jE curves a low-current Keithley 2636 SMU has been used. Measurement of a full jE curve took typically 20-30 seconds.
Dielectric Relaxation Spectroscopy (DRS) measurements were performed using a Novocontrol nitrogen temperature controller and Alpha-A-analyzer, allowing for temperature control from -150°C to 300 °C and a frequency range of up to 10 MHz. The dielectric response was measured using an AC potential of 100 mV (rms). Samples were prepared as a MIM (metal 
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